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We rely on molecular dynamics simulations to investigate and discuss the effect of alumina content on the
thermodynamic, elastic and structural properties of calcium aluminosilicate glasses in the light of available
experimental data. The alumina content varies from low to intermediate ranges by considering compositions of
(CaO0 — Si02)(1 — x)(Al203), where x = 0-30 mol%. The glass transition temperature was found by referring to the
concept of inherent structure energy while elastic properties were computed using two methods: the first is via
molecular statics using energy minimization and the second one by performing molecular dynamics at a finite
temperature. We suggest a correlation between structural changes, mechanical properties and glass transition
temperature, through an analysis of the short and medium range orders. The results show that by increasing
Al,0O5 content, an increase in the population of bridging oxygens and oxygen tricluster is observed while free
oxygens tend to vanish. Regions with rich Al— O — Al linkages start to appear as shown by the aluminium
avoidance parameter, which is also accompanied with an increase of the glass transition temperature and elastic

moduli.

1. Introduction

In the last decades, new and very high request has evolved for in-
novative approaches toward stronger or, more precisely, more damage
and crack resistant glasses [1]. The improvement of strength, tough-
ness, and elastic properties of glass are now a main challenge for further
progress in the development of new glasses with superior properties to
meet the our needs for various industrial, technological, and clinical
applications [2,3].

Increasing the strength and toughness of glass would not only allow
interesting new applications, but also lead to a major reduction of
material investment for existing applications. In this respect, and gen-
erally speaking, silicate-based glasses and their properties (e.g. ther-
modynamic, mechanical) are usual topics of studies in condensed
matter physics, glass science and material physics and chemistry. These
materials were studied both theoretically and experimentally as a
fundamental and complex problem [4,5]. In the last years, numerous
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reports on binary glasses of calcium silicate CaO — SiO, [6] (CS), cal-
cium aluminate CaO —ALO3 [7] and ternary glasses of calcium alu-
minosilicate CaO —Al,03-SiO, [8,9] (CAS) have been undertaken to
study the properties of these type of materials.

Basically, the structure of silica glass is usually formed by a con-
tinuous network of SiO, tetrahedra connected by bridging oxygens
(BOsY), as has been shown by the random network model [10]. The
addition of alkali or alkaline-earth atoms results in a depolymerization
of the glass network, by transforming the BOs to non-bridging oxygens
(NBOs?) and to free oxygens (FO) and sometimes to oxygen triclusters
TBOs in the case of alkali and alkaline-earth aluminosilicates.

The glass network can be described by tetrahedral units known as
Q", where n stands for the number of bridging oxygens in each network
former polyhedra. This provides information on the number of bridging
oxygens and then on the degree of network polymerization.

The addition of aluminium in this type of network significantly
changes the structure, and by the presence of M-modifying ions (M
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denotes Ca in our case), aluminium is preferentially inserted in tetra-
hedral positions forming negatively charged units AlO,~ . We observe
then the formation of Al — O — Si bonds. These bonds are energetically
more favourable than Si — O — Si and Al — O — Al bonds according to the
Loewenstein principle [11,12].

The representative image of aluminosilicate glasses is an inter-
penetration of the two-tetrahedral networks formed by Si and Al The
tetrahedral network consists essentially of SiO, and AlO, tetrahedra
connected by a BOs. The introduction of Ca into this network, leads to
the formation of NBOs in the network by breaking Si— O —Si
Al—0O—Al and/or Si— O —Al bonds. Thus, calcium plays a role of
network modifier. Moreover, the presence of the calcium in the network
ensures the charge balancing of the system. The presence of NBOs
therefore alters the structure of the calcium aluminosilicate, which has
an impact on structural and thermodynamic properties of the glass
[13]. In addition, we can also see to the formation of tri-coordinated
oxygens (triclusters), which are defined as one oxygen bonded to three
network formers. These triclusters are mainly formed from the inter-
action of two bonded oxygen with Ca modifier cations, while a part of
NBO is consumed to produce AlOs units as proposed by Stebbins et al.
[14].

The distribution of aluminium species depends on the type and
content of modifiers (Ca) added to the glass network, and more pre-
cisely on the concentration ratio [CaO]/[Al,03]. The distribution of Al
tetrahedra AlO,~, 5-coordinated AlOs2~ and hexahedra AlO°~ will
then depend on the ratio [CaO]/[Al,05]

e When the concentration ratio [CaO1/[Al,O3] > 1, the glass is called
percalcic. There is an excess of modifiers compared to alumina. In
this case, A" ions are essentially present in 4-coordinated config-
uration AlO,~ and their charges are compensated by Ca®>" cations.
In this case, aluminium plays the role of a network former, as shown
by Raman spectroscopy studies [15].

e In the case where [Ca0]/[Al,05] = 1, all Ca®* ions compensate the
charges generated by AlO,~ tetrahedra, which corresponds to a
compensation line on which aluminium tectosilicate is located.
These glasses are supposed to be completely polymerized and can no
longer have NBO [16].

e In the case where [CaO]/[AL,O3] < 1, the glasses are called per-
aluminous. They have an excess of modifiers compared to alumina.
AP *ions are compensated by the modifiers are predominantly in 4-
coordinated configuration AlO, . The remainder of the aluminium
excess with respect to Ca®* ions are inserted into the vitreous net-
work in 5-coordinated AlOs?~ and 6-coordinated AlOg2~ forms.

The present work aims to investigate the effect of alumina content
on thermodynamic, elastic and structural properties of (CaO — SiO5)1 —x
(Al,03), in which the alumina content x can be varied from the calcium
silicate (CS) binary glass to CAS with 30% of alumina. More particu-
larly, we try to understand and correlate the structural change due to
alumina addition on the variation of elastic and thermodynamic prop-
erties. In addition to that we present two methods for the calculation of
the elastic properties. For this purpose, we have performed classical
molecular dynamics simulations (MD), which provide us a powerful
tool to investigate atomic scale behaviour of materials and has been
successfully applied to studying behaviour of materials under different
thermodynamic conditions and for different systems such as silicate
glasses [17-19]] and nanocrystalline materials [20,21].

The paper is arranged as follows. In Section 2, we give a detailed
description of the simulation method and the interatomic potential used
in this work. We describe in details the steps followed to obtain the
present results. We give a brief description of the tools used to analyse
the structure and compute the different properties. In Section 3, we
present the results of this work by trying to correlate the macroscopic
properties (thermodynamic and mechanical) to the atomic scale struc-
ture of the glass. In Section 4, we give some concluding remarks.
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2. Computational details
2.1. Interatomic potential

Molecular dynamics simulations compute the phase space trajec-
tories (Positions r; and velocities V;) of a system of particles numeri-
cally. In this technique, the time evolution of an ensemble of particles
representing the initial structure is tracked by solving the equations of
motion of each particle in the considered statistical ensemble. The
process is an iterative one in a manner that in each time, atomic posi-
tions are known and their velocities are calculated from the forces
acting on them. Therefore, we can calculate where the atoms will be
after a short period of time known as the timestep (usually in the order
of 1 femtoseconds). Then we repeat this procedure for a large number
of timesteps. From the phase space, thermodynamic and structural
properties can be measured based on ensemble averages as known in
statistical mechanics.

The accuracy of MD results depends strongly on the choice of the
interatomic function that describes interactions between the system
components. In this context, the Born model of solids is the basis for
calculating the forces that act on atoms. In this model the particles are
treated as charge points interacting via Coulombic interactions with a
short-range potential describing interaction between pairs of atoms.
The short-range potentials are usually given in terms of parameterized
analytical functions, which include both a repulsive term due to elec-
trons overlapping and an attractive one due to the dispersion term or
Van der Waals interactions. In the present work, we employed one of
the most used potentials, which uses the functional form of Born-Mayer-
Huggins (BMH) with the parameterization of Bouhadja et al. [22]. This
potential have proven an ability to describe the structural mechanical
and dynamics properties of CAS systems [17,18,22]. The functional
form of the potential is given by:

Uj(ry) = 4nl€J + Aijexp[ J U) - Cy/r}

ol Ry

@

where i and j are atoms (Si, O, Al or Ca), r;; is the distance between
atoms i and j, g; is the effective charge of the atom i, and Ay, oj;, p;j, and
Cj;; are potential parameters given in Table 1. The first term describes
the long-range electrostatic interaction between ions, the second one is
a short-range Born-Mayer-Huggins exponential term to approximate the
overlap repulsion between localized orbitals on nearby atoms, and the
last terms represent attraction dispersion terms that takes into accounts
for Van der Waals interactions in form of dipole-dipole.

2.2. Glass preparation

The LAMMPS [23] code was used to perform molecular dynamics
(MD) simulations and calculate thermodynamic, mechanical and
structural properties of calcium aluminosilicate glasses with different
alumina concentrations. Seven systems were chosen in this study with

Table 1
Parameters used in Eq. (1) for Bouhadja's potentials, charge of each atom is
written as a superscript.

Pairs A(eV) p(A) a(A) C (eVA®)
0120712 0.0120 0.2630 3.6430 85.0840
Si>4 -0~ 12 0.0070 0.1560 2.5419 46.2930
Al'® -0~ 12 0.0075 0.1640 2.6067 34.5747
Ca'?—-0712 0.0077 0.1780 2.9935 42.2556
Si%4 — §i** 0.0012 0.0460 1.4408 25.1873
$i** — Ca'? 0.0027 0.0630 1.8924 22.9907
SiZ4 — Al 0.0025 0.0570 1.5056 18.8116
Ca'?—Ca'? 0.0035 0.0800 2.3440 20.9856
Ca'?—Al*® 0.0032 0.0740 1.9572 17.1710
AlY® — A8 0.0029 0.0680 1.5704 14.0498
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Table 2

Details for each composition: molar percentage of Al,O3, SiO,, CaO, total
number of atoms N, and the glass density p from our simulations and available
experiment between brackets taken from Takahashi et al. work [24].

Systems Al,05 % mol Si0,% mol Ca0% mol N p (g/cm®)
CS 0 50.0 50.0 4000 2.88 (2.9)
CAS1 5 47.5 47.5 3990 2.85

CAS2 10 45.0 45.0 3990 2.86 (2.86)
CAS3 15 42.5 42.5 4025 2.82

CAS4 20 40.0 40.0 4020 2.82(2.82)
CAS5 25 37.5 37.5 4000 2.83

CAS6 30 35.0 35.0 3998 2.82 (2.81)

different compositions (CaO — SiO)(; — x)(Al>03), where x is the Al,O3
molar fraction. Table 2 gives details about the atomic composition of
the simulation cells used in the present work, together with the glass
densities at room temperature compared with the available experi-
mental densities. A realistic agreement between the present results and
those experimentally obtained values is observed.

All systems have around 4000 atoms placed randomly in a cubic
simulation box. An integration time step of 1fs was used. Periodic
boundary conditions were applied in all directions to avoid edge effects
on the systems. The long-range interactions were evaluated by Ewald
summation method, with a cutoff distance of 12.0 A with a relative
error in forces of 10~ °. The short-range interaction cutoff distance was
chosen to be 8.0 A. We should mention here that these cutoff values
play a critical role in the accuracy of the obtained results and the
convergence of the energy, although that they are often omitted in MD
works. [17,22]

Firstly, we equilibrated the systems in an NPT ensemble (i.e. iso-
baric isothermal ensemble) at a high temperature (T = 4000 K) and
zero pressure for 1 ns. This step is needed to obtain an equilibrated melt
as well as to ensure that each system loses its memory of the initial
configuration, also this temperature is sufficient to bring our systems to
the molten state in the context of the adopted force field. The second
step is the linear quenching from 4000 K to room temperature (T = 300
K) with a cooling rate of 1 K/ps in the NPT ensemble with zero pressure.
Finally, we equilibrated the systems at room temperature in the NPT for
100 ps to relax the system density and energy and used another sup-
plementary 200 ps under NVT ensemble (i.e. canonical ensemble) for
statistical averaging. As a matter of fact, cooling rates in molecular
dynamics are several orders of magnitude higher than those generally
used in experiments due to the intrinsic inability of molecular dynamics
(computational power constraints) to use cooling rates lower than 0.01
K/ps. Nevertheless, the values of the cooling rate used in our simula-
tions are often used in many reports and papers [17,25], in addition to
that, Li et al. [26] show a dependence of the glass structure on the
cooling rate in MD simulations. However, they mention that the short-
range order of the glass weakly depend on the cooling rate, while the
medium range order is more affected [26].

2.3. Analysis methods and properties calculation

From the obtained phase space, an analysis of the short-range order
was made by referring to the pair correlation function, g;(r), the cu-
mulative coordination function Ny(r) that provides information about
the averaged coordination number at a given distance, and bond-angle
distribution which presents the angle between three atoms. From these
three functions, it is possible to characterise the glass short-range
structure since g;(r) corresponds to the probability of finding a particle i
at a distance r away from a particle j. Thus, the first peak of the g;(r)
denotes the average distance between the pair i and j, and the first
minimum is used as a cut-off distance to calculate the coordination
number of the first neighbour shell. Bond angle distribution is used to
estimate the angle between inter and intra tetrahedral units of the
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systems.

One way to examine the quenching process of a liquid toward the
glass transition is by referring to the concept of the potential energy
surface (potential energy landscape PEL) developed by Stillinger
[27,28]. The PEL is represented by a (3N + 1) dimentional euclidian
space of the potential energy function of N-body, U(ry,7,
....,Tn),defining a hypersurface with certain topographic features such
as saddles, basins, and local minima. Those latter are mechanically
stable configurations called inherent structures corresponding to an
isolated point in the hypersurface, which is also characterized by a
potential energy called inherent structure energy (ISE) [29].

The computation of the ISE is done as follows: at each temperature
the phase space trajectory is divided into 10 non-correlated config-
urations, next we perform an energy minimization through conjugate
gradient algorithm (up to a force norm equal to 10~ °) of these con-
figurations to bring them to local minima. The ISE at the temperature T
is the average of the energy of all these configurations [22].

To calculate elastic properties, the second derivative method was
applied. This technique can be used to get the stiffness matrix as well as
the compliance matrix. Using a single-point energy calculation the
stiffness matrix elements are obtained by:

2
- 1[eU
|4 aEian (2)

By inversing the stiffness matrix, we obtain the compliance matrix:

S = Cj! €)

Once the stiffness matrix C; is found, numerous related mechanical
properties of isotropic materials can be derived from their matrix ele-
ments such as:

1
B= E(CH + Cy + C33 + 2(Crp + Ci3 + Ca3))

C)]
1
G= E(CU + Cyp + C33 + 3(Cay + Css + Cp) — C1p — C13 — Cn3) 5)
9BG
E= —
3B+ G (6)

The obtained mechanical properties reported in this paper were
calculated using two approaches: The first method is by molecular
statics through energy minimization at 0 K, and the second one is at a
finite temperature in which we used molecular dynamics. At zero
temperature, it is easy to calculate these derivatives by deforming the
simulation box in one of the six directions and measuring the change in
the stress tensor. Calculating elastic constants at finite temperature is
more challenging, because it is necessary to run a simulation that
performs time averages of differential properties (e.g. stress). One way
to do this is to measure the change in average stress tensor in an NVT
simulation with temperature control achieved by Langevin thermostat
[30] when the cell volume undergoes a finite deformation. In order to
balance the systematic and statistical errors in this method, the mag-
nitude of the deformation must be chosen carefully, and care must be
taken to fully equilibrate the deformed cell before sampling the stress
tensor.

3. Results and discussion
3.1. Glass transition temperature

The quenching process used in our glass preparation was analysed
in the basis of the potential energy landscape (PEL). In Fig. 1, we pre-
sent the evolution of the ISE as a function of temperature for the dif-
ferent considered compositions. The values of the ISE are normalized
with respect to that corresponding to 300 K. When the temperature
decreases, we observe a rapid decrease in ISE values (Fig. 1), which
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Fig. 1. (a) normalized Inherent Structure Energy (ISE) as a function of the starting temperature and (b) the variation of the molar volume as a function of the
temperature for compositions ranging from x = 0 to x = 0.3. The arrows indicate the glass transition region and lines in (a) are guide for the eyes.

indicates that the systems are unable to cross highest energy barriers
resulting in a gradual trapping in deep minima. At high temperatures,
atoms have high kinetic energies, which gives them a great deal of
freedom in their ability to rearrange. In contrast, as the temperature
decreases the atoms mobility start to decrease rapidly, which results in
a slowing down of the system dynamics [31]. Around the glass transi-
tion temperature Tg, a change of the slope is observed, indicating that
the system falls out of equilibrium and the system is found in a state
called the frozen state which has a structure quiet similar to its parent
the supercooled liquid just above Tg [32]. This means that the relaxa-
tion time of the system starts to exceed the observation time. The glass
transition values are determined from the slop break between low and
high temperature branches of the ISE curves. The resulting glass tran-
sition values were also found from the slop break between low and high
temperature branches of the V(T) curves, where V denotes the molar
volume of the system.

Table 3 presents Tg values obtained using the ISE method as a
function of the CaO/Al,O5 ratio together with those obtained using the
volume variation with temperature method and eventually available
experimental results. We obtained a systematic increase in Tg values
with increasing alumina content for both methods. The slight increase
in Tg as the Al,O3 content increases indicates that aluminium in tet-
rahedral coordination [33] plays a role similar to silicon, i.e., a network
forming role in a three-dimensional network. This is also due to the
transformation of Ca atoms from network modifiers to charge com-
pensators.

Moreover, as shown in Fig. 2, the values obtained from the ISE are
in a good agreement with the experimental values. We mention that
that for CAS6 the experimental Tg value is obtained for a closer com-
position. Table 3 and Fig. 2 show that Tg values found via the volume-

Table 3

Values of the glass transition temperature Tg as a function of composition and
the ratio CaO/Al,O3 compared to experimental values. Values of column 3 are
obtained using the ISE method and those in column 4 are obtained using the
volume variation with temperature. Error values are estimated from the un-
certainty of the slope of the linear fitting.

Systems R = CaO/ALO; Tg + 20K(ISE) Tg = 30 K(V(T))  Tg EXP (K)
CAS1 9.5 1050 1706 -
CAS2 45 1065 1769 1069 [24]
CAS3 2.83 1053 1867 -
CAS4 2 1075 1938 1099 [24]
CAS5 1.5 1100 1967 -
CAS6 1.16 1140 2028 1132 [24]
cs - 1045 1615 1050 [24]

2000 - Tg V(T) -
TQISE ®
TQEXP 4

1800 =

.
X 1600 -
<
o
'_
1400 - -
1200 = -
e
g ¢ o o & .
1000
0 5 10 15 20 25 30

A|203 mol %

Fig. 2. The glass transition temperature Tg as a function of alumina content
compared to experimental values. The blue dotted line presents Tg values ob-
tained using the volume variation with the temperature and the red dotted line
stands for Tg values obtained using the ISE method. Experimental values are
taken from reference (24). Lines are guide for the eyes. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web
version of this article.)

temperature curve are larger than both experimental and ISE values;
this can be attributed to the high quenching rates used in molecular
dynamics that makes the system trapped in high energy local minima,
whereas during the ISE calculation the system is brought out of the trap
by minimizing its potential energy.

3.2. Structural properties

The local structure around silicon, aluminium and calcium atoms
are well captured by the partial radial distribution functions (PDF). The
distribution functions for these three pairs are presented in Fig. 3(a, c)
and 4(a). The integration of the first peak of the PDF gives information
about the coordination number defined as n;(r) = g ./(;YC 47rr2gl.j (r)dr
where N stand for the number of atoms, V the volume and r, is the
cutoff value which was chosen to be 2.1, 2.2 and 3.1 for Si— O, Al— O,
and Ca — O respectively. These cutoff values are taken to be the same
for all compositions. For Si— O, Al— O and Ca — O PDFs, the first peak
position which is the average distance between each pair is unaffected
by adding the alumina to the system. The Si— O partial correlation
function shows a sharp first peak while it vanishes to zero for distances
between 1.8 and 2.5 A, showing the strong covalent nature of the Si — O
bond. Compared to Si— O bond, the Al—O bond presents a similar
behaviour, but with a less intense and wider first peak and with a non-
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Fig. 3. Pair correlation functions and cumulative coordination numbers of (a, b) Si—O pair and of (c, d) Al-O pair for different alumina contents at 300 K.

zero first minimum, indicating that Al-O bonds are more flexible than
the Si—O bonds (e.g. possibility of presence of larger bonds). In addi-
tion, the first peak of the Al — O correlation function shows a maximum
at a distance around 1.75 A which is in a good agreement with ab initio
and experimental results [14,18]. The higher values of the AI- O bond
length is explained by the existence of five and/or six-fold coordinated
Al Indeed, the Al-0O bond length in five-fold coordinated Al (1.83 10\)
[34] and in six-fold coordinated Al (1.91 10\) [35] are longer than that
corresponding to four-fold coordinated Al (1.81 f\) [36]. The shift in
Al-0O PDF was not obtained in the present study; this is due to the
dominance of four-fold coordinated Al atoms with a small fraction of
five-fold Al atoms. This result indicates that no dramatic change in the
Al coordination number occurs as the composition varies. Furthermore,
neither Si— O nor Al—O bond lengths are affected by the relative
composition, since there is no shift in the first peak with increasing
Al,05. [2]

The curve of Ca— O PDF has a first minimum amplitude ranging
from 0.3 to 0.6 depending on alumina concentration (Fig. 4). This can
be explained by a possible breaking of Ca — O bonds. Knowing that an
exact determination of the local environment of the modifier cation is
challenging due to the proximity of the partly overlapping O — O pairs,
as mentioned by Cormier et al. [37], the structure of the glasses cor-
responds to a frozen structure of the liquid state. In a recent study by Li
et al. [26], in sodium silicate glasses, it has been shown that the
structural differences due to different quenching rates do not affect the
silicate polymerization state.

The evolution of the first peak of the function go_o(r), presented in
Fig. 4 (c), gives information on intra- and inter-tetrahedra O — O cor-
relations. Unlike the other three pair correlation functions, the position
of the first peak shifts toward larger r values with the increase of the

alumina concentration. It varies from 2.64 A for CS, close to the 0— 0
distance in SiO, tetrahedra, to 2.74 A which is the characteristic dis-
tance of the O — O bond in AlO, tetrahedra. This evolution suggests the
occurrence of a progressive replacement of SiO, tetrahedra by AlO,4
tetrahedra when the alumina content increases. The first peak becomes
less intense and wider; however, its intensity shows a minimum for 30%
of alumina. This behaviour is also observed in other studies that focused
on the effect of adding silica to calcium aluminosilicate glasses [22,37].

Our analysis of the cumulative coordination numbers presented in
Fig. 3(b) and (d), and summarized in Table 4. shows that for all com-
positions Si — O and Al — O pairs have an average coordination number
equal to 4, which means four oxygens in their first coordination shells.
The Ca — O pair presented in Fig. 4 (b) and Table 4. has a coordination
number around 6 and a pair distance of 2.35 A for all different glass
samples. These values are in a good agreement with Ca in octahedral
sites (dgg—o = 2.4 /i) as mentioned for calcium silicate glasses [38] and
calcium aluminosilicate glasses [22]. The shape of these octahedrons is
disordered, which implies that the structure do not present a well-de-
fined symmetry [39,40] as shown in Fig. 5b and d.

The partial radial distribution functions (PDFs) for the different
system components displayed in Fig. 6 (a, c, e, g) can help in under-
standing how polyhedral clusters are connected. From these distribu-
tions functions we can notice a first peak at 3.0 /i, 3.15 /i, 3.11 A and
3.25 A for Si — Ca, Al— Ca, Al— Al, and Si — Si, respectively. In addition,
we observe the presence of a second peak for Al— Ca and Si — Ca PDFs
at 3.5 A, and 3.7, respectively. A deeper investigation of the structure
allowed us to suggest that the first peak of the Al — Ca and Si — Ca PDFs
is attributed to BOs while the second peak is mainly due to NBOs, thus
silicon atoms are mainly surrounded by NBOs and aluminium atoms are
mainly surrounded by BOs. As the alumina content increases
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Fig. 4. Pair correlation functions and cumulative coordination numbers of (a, b) Ca—O pair and of (c, d) O—O pair for different alumina contents at 300 K.

Table 4
Summary of the first peak position and coordination number of the different
atoms surrounded by oxygen atoms obtained by MD simulation at 300 K and

averaged over 200 configurations. The average distances r;_; = 0.02 A.
Sample Si—0 Al-0 Ca—0 0-0
rd) cN rd) cN rd oN rd oN

CAS1 1.638 4.00 1.755 4.02 2.31 6.07 2.65 5.07
CAS2 1.638 4.00 1.757 4.031 2.32 6.10 2.65 5.26
CAS3 1.639 4.00 1.756 4.021 2.32 6.09 2.68 5.39
CAS4 1.638 4.00 1.758 4.028 2.33 6.14 2.68 5.54
CAS5 1.637 4.00 1.757 4.031 2.33 6.20 2.69 5.67
CAS6 1.638 4.00 1.758 4.025 2.33 6.20 2.74 5.81
CS 1.636 4.00 - - 2.32 6.06 2.64 4.91

(decreasing of calcium oxide content) the number of BOs around alu-
minium atoms start to increase which is shown by the augmentation of
the intensity of the first peak of the Al— Ca PDFs. From the PDFs of
Si—Si and Al— Al we can estimate the distance between two SiO, tet-
rahedra and that separating two AlO,  tetrahedra, respectively. In-
deed, the first peaks observed at 3.25 A for Si—Si bond and at 3.11 A
for Al— Al bond correspond to the distances between centres of SiO,4
and AlO,~ tetrahedra, respectively.

The behaviour of the cumulative coordination numbers of the
Si—Ca, Al—Ca, Al—Al, Si—Si presented in Fig. 6 (b, d, f, h) agrees
with our observation that silicon atoms are surrounded mainly by BOs
and aluminium atoms are initially surrounded by NBOs. Moreover, the
increase of the alumina content that came also with the decrease of CaO
content leads to an increase of the amount of BOs with a decrease of
Si— O —Ca and Al— O — Ca linkages showing a high dependence on

e 0 Qp D
(@ ;‘ & .
*® o

\,'
BO

@o ( ca A

Fig. 5. Snapshots showing (a) AlOs, (b) CaOg, (c) bridging oxygens and oxygen
tricluster, (d) example of disordered calcium octahedra and (e) edge-sharing
tetrahedra present in the glass structure obtained from our simulation at 300 K.
grey atoms are Aluminium, blue atoms represent Oxygen and yellow atoms are
Calcium. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

composition changes.

Otherwise, the calculation of bond angle distributions gives addi-
tional information regarding the short- and medium-range orders
around Si and Al atoms through the angles between different bonds in
each tetrahedron and the angles between tetrahedra themselves. Thus,
as shown in Fig. 7(a), SiO,4 tetrahedra in these glasses are built-up by
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Fig. 6. Pair correlation functions and cumulative coordination numbers of (a), (b) Si—Ca, (c), (d) Al—Ca, (e), (f) Al-Al, and (g), (h) Si—Si, for different glass

compositions obtained at 300 K.

O-Si- 0 bond angles centred at 108.2°, which is very close to the value
in a perfect tetrahedral geometry (109.4°). Generally, the nearest
neighbour environments around Si did not show any difference for all
considered compositions. From another side, Fig. 7(b) shows that the
O -Al-0 bond angle distribution is broader than that of O — Si — O and
is centred around 107.2° with a shift to lower values as the alumina
content increases. This confirms the distorted tetrahedral nature of the
AlO,~ tetrahedra, and the broadening of the distribution indicates the
presence of some irregular shape of AlO,~ polyhedra.

The Si— O — Si and Al — O — Al bond angle distributions presented
in Fig. 7 (c) and 7 (d) provide supplementary information on the
linkage between SiO4 — SiO, and AlO, ™2~ — Al0,®®~ (n =4 or 5)
polyhedra..We observe that Si— O — Si bond angle starts from 140.25°
for the calcium silicate system and increases with increasing alumina
content reaching a value of 147.2°. The Si— O — Al bond angle dis-
tributions shown in Fig. 7 (e) represent the angle of linkage between a
SiO,4 tetrahedron and an AlO,~ tetrahedron. It is observed that the
value of the angles is centred at 135° and it decreases to 130° as the
alumina content increases. The Al— O — Al distribution shows a main
peak around 120° with a small peak around 160° in CAS1 with 5 mol%
alumina, while it is centred around 125° for the other compositions.
From this, we can see the violation of the aluminium avoidance prin-
ciple through the existence of Al— O — Al linkage in our systems [41],
as the bond angle distributions are calculated using the atoms in the
first coordination shell.

In this context Allu et al. [42] derived a parameter called the Alu-
minium Avoidance Parameter (AAP) to predict when there are enough

O — Si bonds to satisfy the aluminium avoidance principle, this para-
meter is given by:
_ 4[AL O]
2[Si0,] — [RO] + [ALOs] @

where RO stands for CaO in the present case. Allu et al. [42] stated that
when AAP < 1, there is enough O — Si bonds to satisfy the Aluminium
avoidance principle. Thus Si— O — Al bond are more favourable than
Al— O — Al bonds. Otherwise, there is less O —Si bonds in the glass
network which results in the violation of the aluminium avoidance
principle. In our glass samples the calculated AAP values are 0.38, 0.73,
1.04, 1.33, 1.6 and 1.85 for CAS1, CAS2, CAS3, CAS4, CAS5 and CAS6
respectively. As a result, in the glasses CAS3, CAS4, CAS5 and CAS6
there is less O — Si bonds to satisfy the aluminium avoidance principle.
In these cases, the remaining Al,O3 breaks the rule and forms
Al— 0 — Al linkages of Al0,"*~®~ polyhedra. This will result in a se-
paration of the glass network into a region made by SiO, tetrahedra and
another one made by SiO, tetrahedra and Al0,~®~ polyhedra sepa-
rated by a non-network cations channel. To get more insights, we did
calculate the percentage of the Si— O — Si, Al— 0 — Al and Si— O — Al
linkages found in our glasses CAS1-CAS6, as illustrated in Fig. 8 from
the plot we see that Al— O — Al increases linearly with the AAP as ex-
pected. Moreover, Si— O — Al linkage increase in a nonmonotonic way
with AAP up to 20% of alumina and start decreasing, while the
Si— O — Si decreases also in a nonlinear way. However, from the AAP it
is expected that there is no Al— O — Al linkage for values lower that 1,
in our study we did find Al— O — Al linkage even at AAP values lower
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Table 5
Change of oxygen speciation with glass composition computed from MD si-
mulations and compared to the model of Eq. 8.

System FO (%) BO (%) NBO (%) TBO (%)
CAS1 MD 1.21 46.91 51.8 0.08
Model - 46.03 53.97 -
CAS2 MD 0.92 56.47 42.1 0.5
Model - 57.56 42.44 -
CAS3 MD 0.21 65.6 33.45 0.74
Model - 68.12 31.88 -
CAS4 MD 0.20 73.14 24.05 2.61
Model - 77.78 22.22 -
CAS5 MD 0.1 79.1 16.5 4.3
Model - 86.67 13.33 -
CAS6 MD 0.04 82.1 11.26 6.6
Model - 94.92 5.08 -
CS MD 1.2 34.3 64.5 -
Model - 33.33 66.67 -
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than 1 but with a small fraction (<10%).

3.3. Oxygen species and polyhedral connection

The oxygen species are of great interest due to their relation to the
structural change and macroscopic glass properties. Table 5 shows the
oxygen species categorized into four oxygen types: The bridging oxy-
gens connected to two network formers, non-bridging oxygens con-
nected to only one network former, oxygen triclusters connected to
three network formers, and free oxygens connected only to network
modifiers. Fig. 5(c) shows examples of bridging oxygens and oxygen
tricluster obtained during the present simulations. If we consider that
the glass network was made only of tetrahedra inter-connected by
twofold coordinated oxygen atoms [43], then the predictable number of
NBO atoms in the systems can be assessed from a simple relation be-
tween N¢, and Ny, given by:

Nnpo = 2Nca — Nai (€)]
Or directly from the composition expressed by the mole fractions
[44] as follow:

2([Ca0] - [ALO5])

f(NBO) = -
[CaO] + 2[SiO;] + 3[ALO;] ©

Since both models give almost the same result, we present here only
values obtained from Eq. (8). As shown in Fig. 9(a) and Table 5, the
computed fractions of the different species obtained by MD simulations
are in good agreement with this model for all considered compositions.

As shown in Table 5, there is an increase of the number of BOs and a
decrease of that of NBOs with increasing Al,O3 content (the ratio R =
Ca0/Al,05 decreases). This effect has been also observed for other
compositions [9] not considered in the present work. Thus, with in-
creasing alumina content, one theoretically expects an increase of the
network connectivity accompanied by a decrease in the population of
the NBO and free oxygens. The presence of these FOs could be just an
artefact due to the high cooling rate used herein. Moreover, the oxygen
triclusters should increase with increasing alumina content, which
supports the mechanism of neutralization of the extra negative charge
around [AIO4]~ when there is not enough Ca*? for charge compen-
sation. Moreover, there is an increase of the amount of AlOs clusters
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which act as charge compensator as suggested in many works, not only
in Calcium aluminosilicate [37,45] but also in sodium aluminosilicate
glasses [2,46].

One way to determine the connectivity in glasses and melts is the
degree of polymerization, which is a factor directly linked to the
composition of silicate glasses and melts. The degree of polymerization
can be determined by the coefficient BO/Si, which is the ratio between
the number of Bridging oxygens and the number of silicon (Si) atoms in
the glass [47]. If the glass contains other network forming cations, the
coefficient is calculated as the ratio between the number of Bridging
oxygens and the sum of the numbers of network-forming cations (T) (in
this study T = Si + Al) [48]. The degree of depolymerization of a sili-
con-aluminium-oxygen network is frequently represented by another
structural factor, which is designated as NBO/T. This parameter is de-
fined as the ratio between the number of non-bridging oxygen atoms
and the total number of network former atoms in the glass. Fig. 9 (a, b)
presents the degree of polymerization and depolymerization as a
function of alumina content, obtained by both molecular dynamics si-
mulations and the model presented above (Eq. 8). From this figure we
can see that the connectivity of the glass network increases with in-
creasing alumina content, this can be attributed to the synergy between
Al atoms in forms of AlO, tetrahedra and Si atoms in forms of SiO, that
contribute to the formation of the network. Furthermore, the decrease
of calcium oxide content leads to a decrease in the ratio CaO/Al,05 and
then to the transformation of the calcium cations from network modi-
fiers cations to charge balancing cations.

It is well known that the connection between SiO, tetrahedra occurs
through corner-sharing oxygens which has been found in the present
simulations as shown in Fig. 10 (a), where all SiO, tetrahedra are
connected via a corner-sharing mode. However, for AlO,~ tetrahedra,
as the alumina content increases the fraction of corner-shared tetra-
hedra starts decreasing with a small increase in the number of edge-
shared tetrahedra (see Fig. 5(e)). This effect takes place starting from
15mol% of alumina (CAS3) and keeps increasing as shown in
Fig. 10(b).

This effect is also accompanied by an important increase of TBO as
presented in Table 4, which suggests that the presence of TBO in the
system can help creating other modes of linkage between tetrahedra.
Fig. 10 (c) shows an increase of the average coordination number of
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Fig. 9. NBO/T and BO/T as a function of alumina content obtained from MD simulations at 300 K and from the model of Eq. 8.
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oxygen coordination number with respect to other elements (Si, and Al) as a function of the composition obtained by MD simulations at 300 K.

oxygen atoms as the alumina content increases indicating the presence
of larger amount of silicon and aluminium in the environment of oxy-
gens. This confirms our previous statement that increasing alumina
content leads to an increase of BO and TBO.

3.4. Rings statistics

RINGS code was used to calculate the ring size distribution [49]. As
a matter of fact, there are several definitions of rings and multiple al-
gorithms to calculate the rings and give their distribution. In this study,
we calculated the rings following Guttman definition, in which a ring is
defined as the shortest closed paths within the calcium aluminosilicate
network. The ring size is defined as the number of Si or Al atoms that
belong to a given ring.

Fig. 11 illustrates the ring size distributions. The overall behavior is
in agreement with previous simulation studies [9]. Starting from the
calcium silicate glass (CS), we observe that the addition of Al,O3 en-
hance the formation of rings with different sizes. However, as the
amount of ALO3 keeps increasing, we observe that rings with sizes

10

between 4 and 7 increased. Those rings are nearly absent in the CS
glass. This can be understood from the fact that, at low amount of
Al,0s3, the structure is mainly made by Q? structural units (see Fig. S1)
in the form of SiO,4 chains and large rings. Upon adding Al,O3, Al atoms
tend to form AlO4~ units that are charge compensated by Ca cations
(see Fig. 3 d and Table 4). Replacing Al by Si atoms results in an in-
crease of the five-membered rings. The addition of each Al atom
thereby effectively consumes one NBO, as Ca turns from a network-
modifying to a charge compensating role. This induces an increase in
the overall connectivity of the glass (see Table 5 and Fig. 9), which
results in the formation of small rings.

3.5. Mechanical properties

In this section, we focus on the composition and temperature de-
pendence of the calculated elastic properties. Elastic moduli are cal-
culated using the two methods described in Section 2, one is via mo-
lecular statics using energy minimization and the other by performing
molecular dynamics at a finite temperature. Figs. 12 (a — c) present the
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effect of alumina content on the elastic moduli calculated by both
methods for the calcium aluminosilicate glasses.

As presented in Fig. 12, there is a difference between elastic con-
stants calculated at 0K and those computed at 300 K. Elastic moduli
found at 300 K are generally lower than those obtained at 0 K, which is
mainly attributed to thermal fluctuations created by vibrational motion
of atoms. Furthermore, due to thermal expansion the molar volume of
the sample at 0 K is lower than that obtained at 300 K, which increases
the atomic packing density by squeezing out extra volume as can be
indicated by the difference in the density (not shown here), thus leading
to higher elastic properties at O0K. In comparison with available

(e
[y
o

(a)

0K
300K ———

105 EXP O

100

5 10 15 20 25 30
AI203moI %

Young Modulus (GPa)

5
0

H
N

w Hh b
O O =

w
@

L L L L L L

Shear modulus (GPa)

w
~N

o

5 10 15 20 25 30
AI203moI %

35

Journal of Non-Crystalline Solids 525 (2019) 119470

experimental data at room temperature [50] of a relatively closer
compositions, we can notice that the elastic properties calculated at
finite temperature are much closer to experimental values which indeed
puts a light on the importance of taking into account thermal vibration
of atoms when calculating mechanical properties. It is also needed to
stress out that the calculation of the elastic properties can be affected by
the size of the systems, the quenching rate and/or the transferability of
the interatomic potential used here to different compositions in the
Ca0-Al,03-SiO, ternary diagram.

Fig. 12 (d) illustrates the variation of elastic moduli as a function of
the degree of depolymerization (NBO/T). Therefore, we can see that the
Young's modulus (E), the bulk modulus (K), and the shear modulus (G)
increase with increasing alumina content. Experimentally, such trends
are also observed in Young's, bulk, and shear moduli [51]. The variation
of elastic properties as a function of the network connectivity shows
also an increase of the elastic moduli with the increase of the degree of
polymerization. The Young's modulus increases from 96.97 GPa to
106.85 GPa, the bulk modulus increases from 77.10 to 85.75 GPa and
the shear modulus keeps fluctuating between 37.27 GPa and 40.94 GPa
with increasing alumina content. Therefore, as alumina content in-
creases the glasses become more packed and rigid showing that all
elastic moduli increase. The increase in Al,O; content enhances the
atomic packing density and total dissociation energy of the glass be-
cause of the large dissociation energy of Al,O3 per unit volume com-
pared to that of SiO, [8]. As a result, the glass with the highest Al,O5
content (x = 30) shows the highest values of the elastic modulus. These
effects has been also observed in other systems, such as
Nazo - SiOZ —A1203, R203 - Sl02 —A1203, MO — SIOZ —Ale3 or
AlL,O3 — SiO,, glasses, and crack-resistant silicate or borosilicate glasses
[2,52-611].

For the composition having 15% of alumina, we observed structural
transition which manifests itself through a change in the elastic moduli.
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Fig. 12. a), b), and c) present the effect of alumina content on elastic moduli calculated by both methods, as described above, in the calcium aluminosilicate glasses
with experimental values found in Ponitzsch et al. work [[50], of a relatively closer composition, d) illustrates the variation of elastic moduli as a function of the

degree of depolymerization.
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This could be due to the increase of connectivity driving the glasses
network to become more stressed rigid phase [62].

3.6. Correlation between structure and properties

In the present work, we did focus on the effect of the alumina
content on Tg, elastic properties and the structure of the glasses. All
system components do change with composition, which may explain
the non-monotonic increase in the presented elastic properties. Also,
the decrease of the ratio between CaO and Al,O3 induces a change in
the role of Ca®* cations where they go from network modifiers to
charge compensators.

Indeed, the glass structural data can be used to relate the mod-
ification in glass structure to both, the variations of the glass transition
temperatures (Tg) and the change in the elastic properties. When Al,O3
is added in the glass network we did not observe any change in the
bond length of Si— O, Al— 0, and Ca— O bonds as seen from the first
peak of the partial RDFs, while the average bond length of the O — 0O
bond has changed as indicated previously. Furthermore, we did not
observe any effect on coordination numbers of both network formers
(Si, Al) as shown in Fig. 3. Moreover, as discussed earlier the presence
of Ca atoms play a role of charge balancing but when they are present in
excess, they start modifying the glass network by creating NBOs and
FOs and then play a modifier role. We also observed that the amount of
NBOs and FOs decreases when the amount of Al,Os increases. More-
over, as seen in Fig. 10(c), a monotonic increase of the average co-
ordination number of oxygen atoms occurs with increasing alumina
content; oxygen atoms are surrounded by more cations in the CAS6
sample than in the CS sample.

There is an increase in Tg with adding alumina in the calcium sili-
cate network (CaSiOs3), up to 30 mol% of alumina. This is in agreement
with a random substitution of Si atoms by Al atoms in Q* sites [33] (see
Fig. S1 supplementary materials). In such a replacement, the connec-
tion of the network is changed and we see an increase of Tg values. The

12
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Fig. 13. Snapshots showing the structural change
due to the addition of alumina into calcium silicate
network, calcium atoms are not visualized and the
green and yellow polyhedrons stand for silicon and
aluminium tetrahedra. Top left shows calcium sili-
cate, Top right presents CAS2, bottom left is for
CAS4, and bottom right for CAS6. Blue atoms re-
present Oxygen, red atoms are Silicon, and grey
atoms stand for Aluminium. The snapshots show
clearly that the network becomes more and more
packed and connected as the alumina content in-
creases, which enhances the rigidity of the network
and also results in an increase in Tg and mechanical
properties. (For interpretation of the references to
colour in this figure legend, the reader is referred to
the web version of this article.)

Si Tetrahedron

Al Tetrahedron

insertion of Al,O5; improves the structural constraints on the network
due to the Si/Al disorder and the necessity to preserve a fully poly-
merized network which leads to an increase of the Young's and bulk
moduli. The increase of Tg can thus be related simply to the increased
network polymerization, also it can be related to an increase of AIO?>~
units as well as to the appearance of oxygen triclusters and to the de-
crease of free oxygens, which indicates the higher degree of poly-
merization of the network. Fig. 13 presents snapshots taken from dif-
ferent compositions to show the effect of adding alumina on the
structure of the glass. In fact, at low alumina content, the network is
mainly based on SiO, tetrahedra, with dispersed AlO,  units. As the
CaO content decreases and the alumina content increases, the structure
of glasses become more rigid, due to the conversion of the cations of the
network modifiers into charge compensating cations. The connectivity
of the network increases and then more thermal energy is required for
atomic motion at high temperatures. This explains why the melts are
more viscous, which implies that Tg values are higher for these glasses
as mentioned by Cormier et al. [37]. This effect becomes more im-
portant as the CaO content decreases, showing that the network be-
comes even more polymerized. Also, the separation of the network into
two regions as mentioned above would result in a rigidity fluctuation in
the glass network, which may also explain the nonmonotonic increase
in the elastic moduli.

The calcium silicate in this study, have a chain-like structure build
mainly on Q? silicon tetrahedra as presented in Fig. S1 supplementary
materials, with the increase of alumina content in the glass, there is also
an increase in Q> and Q. This is another indication that the glass
network becomes more polymerized. With the increase of the alumina
content in the systems, it is expected that the glass network will be
formed by rings rather than chains as in calcium silicate glass, this
behaviour is illustrated in Fig. 11. The presence of 4-, 5-, and 6-
membred rings increases with increases alumina.

With the addition of alumina, Al is preferentially localized in var-
ious depolymerized Q" species and, conversely, the numbers of Si and
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Al in Q* sites increase (see Fig. S1 b and c). The glass network thus
becomes more connected and rigid, which increases Tg and elastic
moduli. The distribution of Si and Al over Q" species is more homo-
geneous and Al contributes to the formation of the network (see sup-
plementary materials Fig. S1). Therefore, the simple Si/Al mixing may
explain the increase in Tg and elastic moduli within the 5-30 mol%
Al,05 content as reported for low silica content aluminosilicate glasses
[37,63].

4. Conclusion

Structural, thermodynamic and mechanical properties were com-
puted using molecular dynamics simulations. Elastic properties were
investigated using two approaches, the first one is based on the concept
of energy minimization and the second one uses molecular dynamics at
finite temperature. The glass transition temperature was characterized
by referring to the concept of inherent structure energy given in the
potential energy landscape developed by Stillinger.

Our simulation results are in a realistic agreement with available
experimental data for both thermodynamic and structural properties.
The predicted elastic properties agree with the conclusion that the
addition of alumina into silicate glass causes an increase in elastic
moduli. The change in the glass transition temperature and mechanical
properties has been attributed to the structural change when alumina
content increases. The results suggest that variation in the calculated
Tg, elastic and structural properties was found to be due to the mixed
former (Si/Al) effect due to the presence of aluminium as a network
former, the transformation of calcium atoms from network modifier to
charge compensator, increase of the degree of network polymerization,
mainly due to the addition of alumina in the network. Moreover, the
rigidity fluctuation in the glass network due to the separation of the
glass network into two regions, which is a consequence of the violation
of the aluminium avoidance principle, and an increase of the oxygen
triclusters and AlOs~ units as well as a decrease of the free oxygens.
The insight obtained from our simulations, is one step toward a deeper
understanding of the relationship between the structure, and elastic
properties.
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